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The linewidth of the level-anti-crossing (LAC) signal in p-benzoquinonz has been esamined using optical detection of 
magnetic resonance between states in the avoided crossing region. The results are used to separate the homogeneous (due 
.fo hypcrtine coupling) from the inho&genec& (due to disorder) contribution to the LAC linewidth. 
1_ Introduction 
In recent years the phenomenon of level-anti-crossing 
(LAC) in excited triplet states of organic molecules has 
received considerable attention. This is not so surpris- 
ing as tire effect not only causes a high degree of nu- 
clear spin polarisation in the groundstate [l] but also 
gives rise to intensity changes in the phosphorescence 
which can be exploited to determine molecular zero- 
field splitting parameters [2]. Especially since the 
pioneering work of Veeman and co-workers [2,3], the 
nature and consequences of the LAC effect in phos- 
phorescent organic crystals is well understood_ 
One aspect of the LAC effect in excited triplet 
states, namely the observed linewidth, however has 
not been dealt with in detail;. This motivated us to a 
profound study of the LAC linewidth in the lowest 
nrr* triplet state of p-benzoquinone (PBQ) in an iso- 
topically mixed crystal. This system was chosen as 
intense LAC signals are observable [4] and as impor- 
tant, the fine structure and hyperfine structure con- 
stants of the excited triplet state are known [4,5]. An 
additional advantage is that the crystal structure of 
PBQ is ideally suitable for obtaining perfect alignment 
of,the molecular -7 a& (oxygen-oxygen direction) 
with the external magnetic field. 
The width of the LAC signal was examined by 
analyzing optically detected radio-frequency induced 
i See note added. 
EPR transitions among the spin sublevels in the anti- 
crossing region. Such signals were previously detected 
by Veeman in benzophenone [3] but no detailed 
analysis was reported. 
The conclusion of the paper presented here is that 
the residual ime-width of the LAC effect is determined 
by hyperfine coupling and molecular disorder in the 
mixed crystal as suggested by Veeman [3]. Finally 
we want to emphasize the quantitative aspect of the 
work presented in this paper. Using the previously 
reported fine-structure and proton hyperfine-structure 
constants of PBQ [4] we employ exact calculations of 
the LAC phenomenon to separate the homogeneous 
(due to hyperfine coupling) from the inhomogeneous 
(molecular disorder) contribution to the LAC linewidth. 
2. Experimental 
The experimental setup for the observation of low- 
frequency EPR signals is basically identical to the one 
described earlier [4]. The same coil as previously used 
in the ENDOR experiments was now employed in the 
optical detection of the low frequency EPR transitions. 
The only difference with the ENDOR experiments was 
that instead of 3 W for the ENDOR in the present ex- 
periments only 30 mW power was needed. We further 
resorted to 30% amplitude modulation at 1 kHz to 
phase sensitive detect-the EPR transitions in the anti- 
crossing region. The oscillating HI field could be 
oriented either parallel or perpendicular to the’per- 
manent magnetic field. 
The 1% mixed cjstal ofp-benzoquinone-h4 in p- 
benzoquindne_d4 was gratin using a Bridgman furnace 
and oriented such that the long molecular axis was . . 
padel to the external magnetic field direction_ 
3: Computational procedures 
In order to calculate the energies of and the fransi- 
tion probabilities in a system consisting of electron 
spins interacting with a set nuclei a computer program 
was written that diagonalized the complete spin- 
hamiltonian of the system. The hamiltonian that des- 
cribes the triplet spin system of a molecule is of the 
following well-known form: 
&$&&.j.D.j 
where the symbols have the usual meaning [6] _ 
The hermitian matrix H, for basis functions of the 
“strong field” type I p> = IMs , hf~~ , .. . MQ, is then 
calculated in the computer program by direct product 
multiplication of the unit- and spin submatrices as 
described by Poole and Farach [7] _ The spin subma- 
trices itself are calculated using a general expression 
as e.g. given by Rose [S] _ The only input parameters 
that the program needs are the magnetic fieId vector, 
the g- and (hyper)fiie matrices and the spin muiti- 
plicities. In the actual calculations the non-collinearity 
of the principal axes system of theg,D and A tensors 
in PBQ [4] is taken into account and the only assump- 
tion made is that the A tensor is symmetric. As the 
matrix H is of order (7s + 1) ITi& (Xi f 1) we can 
only calculate, with the available computer space, the 
eigenvectors and energies of a triplet spin system con- 
taining no more than five hydrogen atoms. The transi- 
tion probability (pkl) for an induced transition be- 
tween the states $k and $J[ is calculated using the 
following expression: 
HerebyHI is the c&lating r&field.. Y 
Using the decomposition of 1 $I$ in ternis df the 
high-field_functions (pi); 1 $x_> =z& cikf_@ eq. (2) is 
transformed to: 
whereby HZeeman is the hamiltonian matrix for the 
r.f. perturbation ?I, which is calculated analogous to 
the total hamiltonian (&). .. 
The resolution in this calculation wtis varied between 
steps of 0.1 G near the avoided crossing region and up 
to 5 G far off resonance_ Care was taken that further 
refinement of the calculation did not changeahe out- 
come. Between the calculated energies other ones, 
which matched the driving frequency of the HI field, 
were interpolated. The corresponding eigenvectors ob- 
tained were used for the calculation of the transition 
moment at the driving frequency. The computer pro- 
gram further sums all the transition probabilities for 
a fixed energy separation and plots a spectrum as a 
function of the applied magnetic field. 
4. Level-anti-crossing in a two-level system 
Fig. 1 shows in a simple picture the ideas of the 
experiments we have performed on PBQ. For a mag- 
netic field along the z axis of one of the molecules in 
thy unit cell, anti-crossing occurs between the 10) and 
11) electron spin sublevels at a field of ca. 73 1 G. Note 
that in PBQ the molecular z axis coincides with the 
z principal axis of the fine-structure tensor [4]. The 
lower part of the figure shows that this effect is ob- 
served as a modulation of the phosphorescence. With 
a radio-frequency field, transitions Eay be induced 
between the anti-crossing levels as indicated by the 
heavy arrows. These transitions may be optically 
detected as is shown here. The real situation in PBQ 
of course is far more complex than shown in fig. 1, 
but from the two-level model we may also calculate 
the lineshape of the LAC signal. In the following we 
denote the populating rate constants by Pi, the radia- 
tive rate constants by $.and the total decay rate 
. constants by ki 
In a two-level system the hamiltonian matrix is 
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Fig. 1. Two-level picture for level-anti-crossing in p-benzo- 
quinone. The lower part of the figure shows the experimental 
observed signal and the computer fitted curve. Note that this 
fitting is only made for illustrative purpose. The results of thir 
fitting is not used in the analysis. 
The eigenvalues are: 
and for the eigenvectors the following relation holds: 
C:/Ct = -CF/Ci 
(9 
= IHz~-H1l + [(HI1 -H~~)*+W~211’*~/W~~ - 
The phosphorescence intensity of the anti-crossing 
system then becomes: 
(6) 
,P.B. Q. -H H//Hi//Z. 
I I II 1 a 11 11 1 
706 712 718 724 730 736 742 748 754 760 
MRGN. FIELD IN GRUSS 
Fig. 2. Calculation of the energies of the spin-levels in the 
level-anti-crossing region of p-benzoquinone. Only one of the 
four (almost equivalent) protons is included in the calculation. 
Note that there are only anti-crossings in the LAC region. 
This expression can be re-arranged to become of the 
foliowing form: 
where L is Lorentz line shape function: 
L=&?/(;o*+AH~), 
(7) 
with AH = H - HLAc and 
c,=$fi~~z&(k~ fk2)(klk2)- - 112 (8) 
The first two terms in eq. (7) we recognize as arising 
from the unperturbed two-level system and the LAC 
signal thus only results from the last term. The LAC 
signal is expected to show a lorentzian line shape with 
a width determined by the interaction strength and 
the total molecular decay constants. In a system 
where numerous anti-crossings occur at different field 
values the observed linewidth of course is determined 
by a convolution-of all the LAC signals occurring. 
We note here that the above kinetic derivation of 
the lineshape of the LAC sign.-1 ’ .’ 5- &ained 
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from the more general quantum-mechanical deriva- 
tion as given by Wieder and Eck [9] _ In case the rela- 
tion lUr,_I %(klk2) II2 holds the linewidths expres- 
sions are identical_ As a simple example we give here 
the iesults of the expected lineshape function for 
PBQ considering only one proton. With the magnetic 
field.parallel to the molecular z axis anti-crossings 
occur as shown in fig. 2 between the I&f$f$ states 
IO, $) and 11, --$) and also between IO, -$) and II, $>. 
The former anti-crossing has the largest interaction 
element IHI = f 2-1/X (A, +A,,_,,) =-7.2 MHz arid 
realizing that for PBQ X-,,//C+~ = 30 [lo] we calculate 
for the full width at half maximum (u) 16.8 G with. 
the LAC occurring, at H= HrAC + iA, =HiAC 
+ 1.5 G. Thereby is HLAC the field where LAC occurs 
in the absence of hyperfine interactions. Note that the 
relation I?sI,,( % (klk2)1/2 holds! The other LAC sig- 
nal is calculated at H = HLAC - $A, =HLAC - 1.5 G 
and for this case u is calculated to be 5.8 G. 
Experimentally we observe for PBQ a lineshape for 
the LAC signal close to lorentzian with a linewidth 
of 22 G as shown in fig. 1. The simple two-level model 
thus gives already a very satisfactory picture of the 
LAC phenomenon in PBQ. In the folfowing section 
we will show that a closer lookat the LAC region 
reveals that for a quantitative description of the LAC 
effect in PBQ all four protons should be included. 
5. Results and discussion 
Fig. 3 shows an example of the EPR signals ob- 
tained when the magnetic field is scanned through the 
anti-crossing region while the sample is irradiated at 
60 MHz. 
The isotopically mixed crystal of PBQ is at 1.8 K 
and the magnetic field is parallel to the molecular -7 
axis. The smooth curve is calculated by the computer 
taking into account the hyperfine interaction terms 
of all four protons. The calculation procedure is ex- 
plained in section 3. In order to obtain agreement 
between experiment and theory thezalculated stick 
spectrum need be broadened with a gaussian line 
shape function with a linewidth of 8.5 G. The inter- 
pretation of this gaussian broadening will be given 
later (vide infra). 
In fig. 4 we have plotted the observed magnetic 
field values for the peak positions of the si@als, as 
MAGNETIC. FItiLl d 
Fig. 3. Experimental and.computer calculated optically de- 
tected EPR signal ofp-benzoquinone (Pep) at 1.8 K. The ob- 
tained stick spectrum was broadened by a gaussian line profile 
with haIfividth of 8.5 gauss. The experimental spectrum was 
obtained for parallel polarized RF radiation. The result ob- 
tained using perpendicular polarized radiation was very similar. 
shown in tig. 3, versus the fiited frequency of the os- 
cillator. The smooth curve is the computer calculated 
one whereby the hyperfine interactions with all four 
protons are included, the dotted curve is the computer 
prediction if only one proton interacts with the triplet 
spin system. The figure clearly shows that inclusion of 
all protons in the calculation gives superior agreement 
between theory and experiment which in essence con- 
firms the complexity of the level structure. The lm- 
portant conclusion that we may draw now is that the 
homogeneous component of the residual inewidth of 
the LAC signal can be complet&y explained by the 
excited state hyperfme interactions. The observed 
linewidth of the LAC signal however cannot be ex- 
clusively determined by these interactions as the EPR 
signals were shown to be gaussian broadened. We 
suggest this to be due to statistical disorder in the 
mixed crystal. In order to calculate the amount of 
disorder needed to.explain the obseied linewidth we 
calculated the sensitivity of the peak position of the 
EPR transitions to small rotations of the molticule 
tiound they axis. Rotation around the x axis should 
give similar results.. :. ; 
Rg. 5 shows the.results of such a cal&lation and. 
? .._ 
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Fig. 4. Plot of the observed peak position 0 of the optically 
detected EPR sign& for a fixed frequency versus magnetic 
field. Perfect alignment of the molecular i axis along the es- 
ternal mqnetic field is assumed. The sotid line is the com- 
puter colculured relationship whereby the full spin-hamiltonian 
of the molecule is used. The dotted curve represents the result 
of a caiculation if only one proton is taken into account. 
we see that rotation of only 0.5’ gives a shift in the 
calculated curve of 4.5 G. Our conclusion therefore 
is that molecular disorder, amounting to at most 
rotations of 0.9” either around the x or y axis or both 
explains the gaussian component of the EPR linewidth. 
The residual inewidth of the LAC signal thus is not 
only determined by hyperfine coupling effects but 
also contains a sizeable component from molecular 
disorder. The lineshape cf the observed LAC signals 
in general thus should be described neither as a simple 
lorentzian or gaussian but rather as a sum of Voigt 
[l 11 lineshape profiles. 
-Finally it seems interesting to define the param- 
etek that would describe the LAC effect in PBQ in 
terms of a pseudo two-level system. From the results 
displayed in fig. 4 we calculate an effective interaction 
constant (Veff) of 12 MHz (IHIzl). A two-level des- 
ciiption for the case of PBQ however is far from realis- 
tic and shown in fig. 6 where the exact level structure in 
ROTRTION ROUND Y-RXIS. 
0 0.0 DEGREE 
x 0.5 D. 
A 1.0 0. 
II1 1.5 0. 
705 ?15 725 735 745 755 765 
MRGN. FIELD IN GRUSS 
Fig. 5. Calculated curves of the peak posit@ of the optically 
detected EPR signals for’a fixed frequency versus magnetic 
field for imperfect alignment of the molecular z axis with the 
external magnetic field. 
8 
L” r P.B.Q.-H4 H//HI//Z. 
706 712 718 724 730 736 742 748V 760 
MRGN. FIELD IN GRUSS 
Fig. 6. Calculated level structure of the electron-nuclear spin 
levels in the level-anti-crossing region of p-benzoquinone. Per- 
fect alignment of the molecular z axis along the external mag- 
netic field is assumed. 
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the anti-crdssing region is given. The iigure.&ows that 
there.are numerous cr&s:@gs &d anti-crossings in +&e 
avoided crossing region and the effective interaction 
strength constant is difficult to interpret. In PBQ the 
constant may be determined by the largest off-diagonal 
hyperfine element, being 7.2 MHz as calculated in 
section 4. Such an assignment however is not unam- 
biguous and we therefore conclude that a pseudo two- 
level approach of the LAC effect, as was done by 
Mucha and Pratt [12] for 13C-benzophenone, is not 
justified. 
6. Conclusion and suggestion 
Detailed study of the level-anti-crossing effect in 
p-benzoquinone shows that the residual inewidth of 
the LAC signal in a perfectly oriented crystal (with 
regard to alignment of the magnetic field and a princi- 
pal axis of the fine-structure tensor) is determined by 
the excited state hyperfine interaction and molecular 
disorder. The disorder in p-benzoquinone amounts 
to at most a tilt of 0.9O of the molecular plane. We 
further suggest the possibility of observing quantum 
beats from molecules undergoing level-anti-crossing. In 
the avoided crossing region the electron-nuclear s@in :
states of different parentage are heavily mixed by the 
hyperfine coupling as fig. 6 shows. Ground state nuclear 
spin-levels will therefore be connected with several 
excited state levels introducing the possibility of 
quantum beat spectroscopy. With a nitrogen laser 
pumped dye laser such experiments easily could be 
done using photon counting techniques. Observation 
of the beat-structure would not only be useful as a 
check on the calculated level-structure but also yield 
information on the relaxation of the spin-levels in 
the avoided crossing region. 
Note added 
After this manuscript was written a paper by 
Kothandaraman, Brode and Pratt appeared (Chem. 
Phys. Letters 51 (1977) 137) in which an analogous 
study of the LAC phenomenon in benzo&none 
was reported. They arrive at the same.con‘clusion as
we with regards the role of the hyperfme coupling in 
the LAC phenomenon; the contribution of molecular 
disorder to the LAC linewidth was also considered but 
not quantitatively determined. 
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